A convenient and straightforward process for preparation of highly porous and interconnected fiber mesh scaffolds with 50 wt.% content of starch is described. The proposed methodology avoids some of the previous encountered problems associated with the processing of starch-based materials such as thermal degradation, starch entrapment in the material bulk and inability to control/minimise the thickness of the fibers obtained by melt spinning, or low porosity and lack of interconnectivity for the scaffolds obtained by extrusion or injection moulding with blowing agent. Topographical characterisation of the obtained fibers revealed rough surface commonly related with increased cell attachment and growth. The in vitro tests with osteoblast cell line confirmed this trend and we observed higher cell number with increasing of the culture time. These results were also associated with protein adsorption from a complex solution where predominant adsorption of vitronectin over fibronectin was detected. Finally, a model modification by plasma was also carried out in order to confirm the versatility of these scaffolds by the possibility to further upgrade them via surface functionalisation. The in vitro tests confirmed that osteoblast-like cells proliferate faster on the modified scaffolds, which allows shortening the time needed for culturing prior to implantation.
Introduction
Starch is a natural polysaccharide, digestible by a whole host of living creatures ranging from bacteria to humans. This remarkable biodegradability distinguishes it from other abundant polysaccharides such as cellulose and makes it an excellent material for commercial exploitation. While textile, paper and packaging industries have acknowledged starch attractive properties and make it a significant part of their history [1] [2] [3] , the biomaterials field started to exploit this polysaccharide only about 15 years ago [4, 5] . The main problems associated with this delay are the poor mechanical properties of starch and its difficult processing; starch is a moisture sensitive polymer and pure starch products are very brittle [6, 7] . Polymer blending is one of the strategies which allows overcoming these problems. In fact, starch-based blends have shown a great versatility being easily processed and used in different fields of application [3, [8] [9] [10] .
Starch blended with poly(ethylene-co-vinyl alcohol) (SEVA-C) is an excellent example confirming this versatility. Initially it was developed [11] and proposed as an alternative to the petrochemicals conventionally used in manufacturing plastic articles for single-use consumer application [2, 3, 8, 12] but in 1995, Reis et al. [5] introduced it in the biomaterial field. The first studies on SEVA-C as a material for biomedical applications focused the mechanical properties [13, 14] , degradation behaviour [15] [16] [17] and biocompatibility [18, 19] of compact samples produced by injection moulding. These studies have suggested that SEVA-C could be an excellent material for fabrication of devices for temporary orthopaedic applications. The proposed application imposed development of alternative processing methodologies which allow obtaining of three dimensional structures that resemble the morphology of bone and can successfully serve as a template for tissue ingrowth. Following this requirement, Gomes et al. have suggested the use of injection moulding [20] or extrusion with blowing agents at different ratios [21] . These techniques allowed control over the porosity but in both cases poor interconnectivity was reported for the obtained samples. To overcome this drawback, Pavlov et al. [22] have proposed fiber bonding scaffold fabrication. Polymer fibers exhibit an excellent surface area to volume ratio for enhanced cell attachment, making them a viable option as a scaffold material. Although high porosity and interconnectivity can be achieved by this technique, the described melt spinning of SEVA-C fibers does not permit precise control of the fiber diameter and the processing of thin fibers (the reported fiber diameter is 480 µm) is difficult. Moreover, previous studies have shown that starch is entrapped in a core-shell structure in the samples obtained from SEVA-C melt [23, 24] ; it is not present on the surface and therefore not readily accessible for bioentities recognition (e.g. enzyme degradation). Additionally, traces of low molecular weight polymer chains measured upon the immersion in an isotonic saline solution after short times evidenced some polymer degradation at the used processing temperature [17] .
In this study, we have selected and described the wet spinning fabrication technique as an alternative method to obtain three dimensional SEVA-C scaffolds. This technique allows production of SEVA-C fibers from a solution instead of a melt. The processing involves spinning of a polymer solution with optimised viscosity/concentration into a coagulation bath where the scaffold is formed simultaneously at the bottom of this bath. The produced scaffolds were characterised in terms of morphology, surface properties, mechanical behaviour and cytotoxicity. We have also considered the possibility to further upgrade the obtained SEVA-C scaffolds by surface functionalisation. Hence, a model modification by plasma was carried out in order to confirm the versatility of the produced 3D structures.
Materials and methods
We have used a commercially available polymeric blend (trade mark name Mater Bi 1128RR, Novamont, Italy) of corn starch with 40/60 mol% ethylene/vinyl alcohol copolymer (50/50 wt.%, SEVA-C). The starch used to produce the blend has been obtained from native maize and its typical original composition is 70 wt.% amylopectin [α(1→4)-and α(1→6)-linked D-glucose] and 30 wt.% amylose [α(1→4)-linked D-glucose]. All materials were supplied in granular form. Dimethyl sulfoxide (DMSO, Aldrich) was used without any further purification.
Scaffolds production and surface modification
Starch-based fiber mesh scaffolds were produced by wet spinning process schematically presented in Fig. 1 . A polymer solution with a proper viscosity was obtained by dissolving of SEVA-C in dimethyl sulfoxide (DMSO) at a concentration of 5% (w/v). This solution was loaded into a syringe and placed in a syringe pump (World Precision Instruments, UK). Each mesh was formed by extrusion of 1 mL SEVA-C solution into water coagulation bath. We have tested different speeds of extrusion and a speed of 2 mL/h was found to be the most appropriate, resulting in formation of continuous and uniform fibers. The formed fiber bundles were washed several times with water in order to remove any residues of DMSO and then they were randomly displaced into a Teflon™ mould and dehydrated by ethanol with increasing concentration. The dried meshes were subjected to a thermal treatment (160°C for 30 s) under a load of 0.15 kg/cm 2 to assure the bonding between neighbouring fibers. The final specimens were obtained by cutting of the fiber bonded meshes into circular shape with diameter of 1 cm.
The surface treatment was performed using a plasma reactor PlasmaPrep 5 (Gala Instrument GmbH, Germany) with a fully automated process control. Argon was used as a working gas and the pressure in the reactor was controlled (0.18 mbar) by adjusting its flow rate. Prior the treatment, the chamber was pursuit with argon five times. A radio frequency source (13.56 MHz) was used and a power of 30 W was applied for 15 min. The samples were kept 24 h after being removed from the reactor and then characterised and sterilised (ethylene oxide).
Scaffolds morphology
Scanning electron microscopy (SEM, LEICA Cambridge S360) and optical profilometry (Interferometric profiler Wyko-NT 1100, Veeco using Vertical Scanning Interferometry mode) were used to observe the structure of the formed scaffolds. Further details on the interconnectivity and porosity of the samples were obtained by microcomputed tomography (µ-CT) analyses. Three randomly selected samples from different batches were analysed with a high-resolution µ-CT SkyScan 1072 scanner (Skyscan, Kontich, Belgium) using pixel size of 5.86 µm and exposure time of 2.8 s. The X-ray source was set at 30 kV of energy and 180 mA of current. Approximately 400 projections were acquired over a rotation range of 180°with a rotation step of 0.45°. Data sets were reconstructed using standardised cone-beam software (NRecon v1.4.3, SkyScan). Representative data sets of 90 slices were segmented into binary images with a dynamic threshold of 45 to 255 (grey values) and were used for morphometric analysis (CTAnalyser, v 1.5.1.5, SkyScan) and to build 3D models (ANT 3D creator, v2.4, SkyScan). The morphometric analysis included porosity, pore interconnectivity and mean pore size.
Structural characterisation
Fourier transform infrared spectroscopy (FTIR), thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to study the chemical composition of the blend before and after the processing and therefore to confirm the incorporation of all the blend components in the final scaffold. The FTIR spectra were recorded on a spectrophotometer IR-Prestige-21 (Shimadzu, Japan) with a resolution of 4 cm . While for the pure starch the spectrum was recorded in a transmittance mode using KBr tablets, an Attenuated Total Reflectance (ATR) device was employed to obtain the spectra of raw material and produced scaffolds. The results are presented as an average of 32 scans. The thermal degradation was measured using Elmer TGA7 equipment under a nitrogen atmosphere. The experiments were performed at a heating rate of 10°C in the temperature range of 50-600°C. Differential scanning calorimetry (DSC) experiments were carried out in a Q100 calorimeter with controlled cooling accessory (TA Instruments, USA). The heat flow X-ray diffraction (XRD) was used to examine changes in crystallinity as a result of the proposed processing methodology. The XRD patterns were collected between 2θ values from 6 to 60°, using a Bruker D8 Discover θ/2θ diffractometer working with Cu Kα radiation.
Mechanical properties
Tensile tests (Universal Mechanical Testing Machine Instron 4505) were carried out at 25°C and 50% of humidity. Tensile modulus, ultimate tensile strength and strain at break for single fibers were measured using a load cell of 2.5 N at crosshead speed 5 mm min
Three different sets of samples were tested: wet fibers, dry fibers and rewet fibers (dry specimens that were immersed in PBS for 5 h prior measurements). The tensile modulus was determined in the most linear region of the stress/strain curve using the secant method. The data are presented as an average ± standard deviation.
The storage (E′) and the loss modulus (E″) for the scaffolds were measured using dynamic mechanical analysis (DMA). E′ (the elastic component) is related with the stiffness of the material, while E″ (the viscous component) is associated with the dissipation of energy due to internal friction at the molecular level. The loss factor, tan δ, is defined as the ratio E″/E′. The viscoelastic measurements were performed using a TRITEC8000B DMA from Triton Technology (UK), equipped with the compressive mode. The measurements were carried out at room temperature and samples with circular shape (d = 1 cm) were used. The wet, dry and rewet samples were clamped in the DMA apparatus and the measurements were performed in the range of 0.1-50 Hz of frequency. The experiments were performed under constant strain amplitude (30 µm).
Water uptake
The hydration degree of the fibers was studied and compared with this one for the compact samples. Hence, compact samples and scaffolds were immersed in a phosphate buffered saline (PBS) solution (0.01 M, pH 7.4) at 37°C. At the end of each predetermined period, the samples were removed from the solution, washed, gently blotted with a paper to remove the excess of the liquid and weighted. The percentage of water uptake was calculated as:
where M initial is the initial weight of the sample and M end is the weight of the sample after removing from the solution. Triplicate samples were used for each condition. The average water uptake values ± standard deviation are plotted as a function of time.
Surface properties
Cells interact with scaffolds primarily through the material surface which can be dominated by the surface chemical and topological features. X-Ray photoelectron spectroscopy (XPS) was used to characterise the surface chemistry of treated and untreated samples. The analysis was carried out using an instrument VG Escalab 250 iXL (VG Scientific, UK). Charge compensation at the surface was performed using both a low energy flood gun (electrons in the range of 0 to 14 eV) and an electrically grounded stain steel screen placed directly onto the sample surface. The measurements were carried out using monochromatic Al-Kα radiation (hν = 1486.6 eV) in a Constant Analyzer Energy mode (CAE) with 100 eV pass energy for survey spectra and 20 eV pass energy for high-resolution spectra. Photoelectrons were collected from a take-off angle of 90°relative to the sample surface. Charge referencing was adjusted by setting the lower binding energy C1s hydrocarbon (CH x ) peak at 285.0 eV. Surface elemental composition was determined by standard Scofield photoemission cross sections. The chemical functional groups identity was obtained from the high-resolution peak analysis of carbon-1s (C1s), envelopes by XPSPEAK 4.1 software.
The surface topology was studied by optical profilometry. This non-contact method allows roughness analysis of 3D structures with high resolution from subnanometer to millimetre step-height. In this study an optical profiler WykoNT3300 from Veeco Instruments Inc. was used. The measurements were performed in phase shifting interferometry (PSI) mode and an area of 2 mm was analysed with a vertical resolution of 3 nm.
In vitro characterisation
The protein system used in this study was a multi-protein solution of 10 v/v% heat-inactivated fetal bovine serum (FBS; Biochrom AG, Germany) in Dulbecco's modified Eagle's medium (DMEM; SigmaAldrich, Inc, USA). Unmodified and plasma treated SEVA-C scaffolds were incubated for 1 h at 37°C in this solution. Samples immersed in Phosphate Buffered Saline solution (PBS; Sigma-Aldrich, Inc, USA), were used as blanks. Two adhesion proteins were studied: fibronectin (Fn) because it is commonly used in a standard procedure applied to improve adhesion of cells and Vitronectin (Vn) because of its influence on cell spreading and migration. After the incubation time was over, the samples were fixed in a 2.5% formalin solution for 5 min, washed with PBS and incubated at room temperature for 1 h with primary antibody mouse anti-cow Vn (Santa Cruz, USA) or mouse anti-cow Fn (Santa Cruz, USA). Both primary antibodies were diluted at ratio 1:50 (v/v) in 1% (w/v) Bovine Serum Albumin (BSA, SigmaAldrich, USA) solution in PBS. All samples were again washed and incubated for 1 h at room temperature with goat anti-mouse Alexa Fluor 488 IgG (H + L) secondary antibody (Invitrogen, USA). Labelled samples were analysed by an Olympus IX81 Confocal Laser Scanning Microscope (CLSM).
Cell attachment and proliferation onto the scaffolds were tested by an osteosarcoma cell line (SaOs-2), an immortalized cell line with an osteoblastic phenotype, which was obtained from European Collection of Cell Cultures (ECACC, UK). The cells were cultured in DMEM supplemented with 10,000 U/mL penicillin-G sodium, 10,000 µg/mL streptomycin sulfate and 25 µg/mL amphotericin B in a 0.85% saline (Gibco, Invitrogen Corporation, UK) and 10% of FBS in a humidified atmosphere with 5% of CO 2 . A suspension of 3 × 10 6 cells was added to each scaffold. The scaffolds were incubated for 1, 3 and 7 days under standard culture conditions (37°C, 5% CO 2 , humidified atmosphere). The morphology of SaOs-2 cells was observed by Scanning Electron Microscopy (S360, Leica Cambridge, UK). Cells were fixed using 2.5% glutaraldehyde (Sigma, USA) solution in PBS. Prior the analysis, the samples were dehydrated by graded ethanol solutions.
DNA quantification was used to evaluate cell proliferation. Cells were lysed by osmotic and thermal shock and the obtained supernatant was used for DNA analysis. DNA content along the time of culture was determined using the PicoGreen dsDNA kit (MolecularProbes) and the fluorescence was read (485 nm/528 nm of excitation/emission) in a microplate reader. The DNA amounts were calculated from a standard curve. Triplicates were analysed at each time point. All the data were subjected to statistical analysis and are reported as mean ± standard deviation. The normality of the data was checked by applying the Shapiro-Wilk's W-test. Because all the samples follow a normal distribution, Student t-tests for independent samples were performed. The differences were considered statistically significant if p b 0.05.
Cell viability was assessed by staining with the fluorochrome dye calcein-AM (MolecularProbes). The samples were treated with 0.002% calcein-AM solution in DMEM culture medium and incubated at dark for 15 min at 37°C in a humidified atmosphere of 5% CO 2 . Cell fluorescence was examined by an Axioplan Imager Z1 from Zeiss, Germany.
Results and discussion
Three dimensional (3D) scaffolds serve as temporary substrates for supporting and guiding tissue formation in various in vitro and in vivo tissue regeneration strategies. In their design much effort has been focused on optimisation of parameters such as pore size, porosity and interconnectivity because they determine the mass transport in the scaffold, i.e. how fluids, solutes and cells move in and out of the construct. In bone engineering, there is a general consensus that pores bigger than 100 µm may favour higher alkaline phosphatase activity and more bone formation although the optimal pore size varies with the scaffold material and other parameters (e.g. tortuosity) [25] . Moreover, Kuboki et al. [26] demonstrated that in hydroxyapatite scaffolds loaded with bone morphogenic proteins pores in the range of 90-120 µm induced cartilage formation followed by bone formation while larger diameter of 350 µm induced bone formation directly and the reason for this result is the difference in the onset time of vascularization and cell differentiation. We have used µ-CT to determine the size of the pores in the wet spun SEVA-C scaffolds. Fig. 2 represents the distribution of the porous size in one of these scaffolds. As can be seen from the graph, the sample presented wide pore size distribution in the range of 60-500 µm. Similar data were obtained for the other tested samples. However, when we averaged the mean pore size for the three studied specimens, we have obtained a value of 236.5 ± 11 µm. This small standard deviation demonstrates that the procedure proposed herein is reproducible and it can generate scaffolds with similar porosity.
Other parameters which influence the transport within the scaffold are porosity and interconnectivity. While the need of high interconnectivity is obvious, not always very high porosity is desired since it could result in diminishing the surface area available for cell attachment in 3D scaffold. Fig. 3 shows the size, shape and morphology of the scaffolds obtained by wet spinning. The images represent randomly distributed fibers with diameter about 100 µm which are forming highly interconnected and porous scaffolds. The m-CT analysis confirmed this observation and demonstrated that reproducible 3D structures with 80.5 ± 0.1% mean porosity and interconnectivity of about 97% can be obtained at the used conditions.
Because cells interact with the scaffolds primarily through the material surface, the surface chemistry and topological features are of central importance in directing cell-material interactions. Generally, surface roughness increase is associated with an enhanced cell adhesion and migration and with higher production of extracellular matrix (ECM). However, this response is dimension-dependent; whereas micro-features increased the attachment and growth, the nanoscale roughness induces enhanced cell differentiation [25] . Due to both phase inversion during the formation of the fibers and the applied drying process, the produced fibers presented non-smooth surface as it can be seen in the optical profiler micrographs (Fig. 3D) and therefore, they differ from the fibers obtained by melt spinning [22] . Values of 559.31 ± 40.4 nm for roughness average (Ra) and 741.00 ± 23.8 nm for root mean square (Rq) were obtained by optical profilometry analysis of the roughness of the fibers. Different processing techniques can also evoke changes in the surface chemistry. We have analysed the surface elemental composition by XPS but we did not find a significant difference between the values obtained for wet spun fibers (C:O ratio of 1:0.27) and the one previously reported for injection moulded compact samples (C:O = 1:0.31 [23] ). Possible changes of the bulk composition of SEVA-C upon the processing caused by degradation or dissolving of some of the blend components in the precipitation bath were also investigated (Figs. 4  and 5 ). Three weight loss processes can be observed in the TGA spectra (Fig. 4) of both raw material and processed scaffolds: the peak at about 70°C corresponds to water desorption; loss of plasticiser (glycerol) occurs at about 200°C and a complex degradation process in the range of 300-550°C. A comparison with the spectrum of native starch demonstrated that the first part of this complex signal with a maximum at about 300°C is consistent with the degradation of starch and therefore confirms its presence in the produced scaffolds.
The FTIR-ATR spectra confirmed this result. The spectrum of pure starch is presented on Fig. 5A where the characteristic bands corresponding to -OH groups (3450 cm ) and the -CH, -OH vibrations from the glucose ring are shown. The presence of glycosidic band in the spectra of the used raw material and the scaffolds produced from it (Fig. 5B) corroborates the successful incorporation of starch in the blend and in the final constructs. Moreover, no change in the spectrum (specifically in the 1150-1040 cm − 1 band) of SEVA-C after processing was detected. This result demonstrates that the used methodology does not induce any hydrolytic degradation of starch. Further structural characterisation was carried by DSC and XRD. As it was expected, the DSC thermograms (Fig. 6 ) did not show any transitions arising from starch. The broad signal observed at the first heating scan is related with disruption of hydrogen bonds and with water release.
This hypothesis is also in accordance with TGA results which suggested loss of water at temperature above 50°C and with the thermograms obtained at the second heating scan where this peak does not appear. The most pronounced endothermic peak with an onset at 162°C was assigned to the melting of the poly(ethylene-covinyl alcohol) fraction and its enthalpy was found to be 13.7 J/g for the wet spun fibers and 20.76 J/g for the scaffolds produced from them. Similar difference has been observed before for the blend starch/poly (ethylene-co-vinyl alcohol) and it has been reported [27, 28] that the enthalpy of this transition depends strongly on the moisture content and could change significantly with its variation.
Besides the material chemistry, different processing approaches primarily focused on changes of mechanical properties of the produced specimens. Hence, we expected that the wet spun fibers will present properties that differ significantly from those reported for fibers produced by melt spinning. Since biomedical application is intended, the behaviour of the produced structures at physiological conditions is of main importance. Therefore, the mechanical tests were performed for wet (as produced, before drying) fibers, for dry samples and for samples immersed in PBS for 5 h prior the measurements. The results (Table 1) demonstrated that the obtained dry fibers are stiffer when compared to the melt spun SEVA-C fibers (84 MPa [22] ). This result can be explained with the applied drying procedure; the samples were dried by ethanol with increasing concentration that extracts all the water (plasticising effect) included in the fibers. Both Esec and UTS values are lower than the reported for the melt spun fibers. However, different strategies can be applied to improve the mechanical properties of the obtained fibers. In fact, it has been shown for melt spun SEVA-C fibers that their modulus can be increased 7 times by stretching them (additional orientation) at the end of the processing [22] .
The mechanical properties of the scaffold arise from a combination of the properties of the bulk polymer, the geometry of the scaffold and the fabrication technique. Initially, we have tested how the sintering process applied at the end of the methodology proposed by us changes the crystallinity of the obtained scaffolds. Although applied for very short time, the sintering process altered significantly the crystallinity of the produced scaffolds as can be seen from the diffraction patterns presented in Fig. 7 ; greater intensity and full width at half maximum (FWHM) values at 2θ = 20°were measured for the final scaffolds than for the wet spun fibers.
The isothermal DMA response of these scaffolds as a function of frequency in terms of storage modulus (E′), and loss factor (tan δ) is shown on Fig. 8A .
The obtained modulus and strength values are much lower than that of cortical bone which typically has a modulus value of 7-30 GPa and strength of 50-150 MPa [29] . This is expected since the bone is a composite material; the presence of hydroxyapatite in its structure contributes significantly for these high values. Although the scaffolds fabricated and tested in this study are not intended for load sharing applications, their mechanical properties can be further improved by adding ceramic fillers.
As it was expected, the modulus of the wet scaffolds decreases significantly due to the adsorbed water (Fig. 8B) and its plasticisation effect. The adsorbed water causes higher damping (the material loose more deformation energy) and this is reflected in the higher values of loss factor obtained for the wet scaffolds. It can be also seen that the loss factor increases with frequency; shorter time between each cycle is not enough for the macromolecules to deform and therefore to evoke lost of energy.
Patient safety is the paramount concern for any tissue engineering application. The bulk material and its degradation products must be biocompatible and clearable by the body. It has been demonstrated by several in vitro and in vivo studies that SEVA-C is a non-cytotoxic material [30] [31] [32] . However, the chosen processing technique can affect the biocompatibility of the material since the generated surface features (chemistry and topography) can be quite different. Fig. 9 shows SaOs-2 seeded onto SEVA-C scaffolds after 1 and 7 days of culture.
As it can be seen cells do adhere to the surface of the produced scaffolds. The morphology and the shape of the cells were different along the culture time. Whereas at the initial period some of the SaOs-2 presented a round shape, after 7 days of culture all cells were spread with extended filopodia making bridges between the fibers. Calcein-AM assay confirmed that cells remained viable through all the studied period and DNA quantification evidenced their proliferation along the cultured time.
Previous studies have shown that plasma treatment can additionally improve cell attachment and spreading onto compact samples produced by injection moulding [33] . Plasma surface modification is a very convenient technique for tailoring material surface functionality and topography without altering material bulk properties (e.g. biodegradability, mechanical properties, etc.). Recently, we have demonstrated [34] that plasma modification can be also applied to 3D scaffolds when they possess enough high porosity and interconnectivity. In this study, we have used Ar plasma modification as a model surface treatment. The proposed treatment can be further adapted to plasma grafting of different monomers.
Surface characterisation revealed a slight increase in the surface roughness as a result of the etching processes usually observed during the plasma treatment. The obtained values were Ra= 672.85 ± 19.9 nm and Rq= 858.50 ± 91.6 nm, respectively. A significant difference was observed for the surface chemical composition (Fig. 10) . The XPS spectra showed that the oxygen content increases as a result of the treatment Fig. 6 . DSC curves for the first and second heating of the fibers and the scaffolds porduced from them. . X-ray diffraction patterns, normalized to the same total intensity, for the wet spun fibers and the scaffolds produced from them by sintering. and the C:O ratio changes from 1:0.27 for untreated SEVA-C scaffolds to 1:0.74 for modified ones. The C1s core level spectra demonstrated that this increase is mainly due to the C-O(H) bonds, which means that oxidation takes place on the surface as a result of the plasma treatment. Because cells are extremely sensitive to their environment, the introduced changes in the surface chemistry and topography can alternate their behaviour. It is well described that in the presence of a foreign material, proteins from blood and/or from interstitial fluids will cover the material surface almost instantaneously and it is this protein layer which will translate the surface structure and composition into a biological language. We have studied the adsorption of two adhesive proteins: fibronectin (Fn) was chosen because it is the best studied model adhesive protein. On the other hand, previously published studies carried out with SEVA-C compact samples reported that from complex protein solutions the amount of adsorbed vitronectin (Vn) is higher than that of Fn [35] . However, the analysis of the adsorption of these biomolecules on 3D SEVA-C scaffolds has not been demonstrated.
As for the compact samples, the micrographs presented on Fig. 11 show markedly increased adsorption of Vn compared to Fn. Although higher -OH surface concentration obtained after the plasma treatment was expected to result in enhanced Vn adsorption [36] , the observed homogeneous protein distribution was similar for both Vn-labelled untreated (Fig. 11B) and modified (Fig. 11D ) SEVA-C samples. Some authors [34, 37] relate the protein adsorption with surface topography rather than with surface chemistry and in this sense our results coincide with those reports since no notorious topographical changes were detected after the modification.
Cell adhesion mediated through extracellular adhesive proteins is involved in many intracellular signalling pathways that regulate most fundamental cell behaviours, including differentiation, proliferation and migration. We have compared the modified and untreated scaffolds by testing them in vitro with osteoblast-like cells SaOs-2. As it was expected and in agreement with the results which we obtained for protein adsorption no significant difference between both sets of samples was observed for short culture times (up to 7 days, Fig. 12) . A close look at cells morphology reveals some differences at the initial time of culture. As mentioned before, some of the SaOs-2 cultured on untreated SEVA-C scaffolds for 24 h presented round shape (Fig. 12B ) while cells onto modified samples were spread with extended filopodias establishing contact between each other (Fig. 12C) . However, after 3 days of culture and until the end of the studied period this difference in the morphology was not notorious and the cells were spread all along the fibers.
Calcein-AM assay showed another detail on cell distribution within the scaffolds: until the 7th day of culture cells grow and form random clusters on both sets of samples ( Fig. 13A and C) . After this time point, at 14 days of culture, they were homogeneously distributed ( Fig. 13B  and D) within the scaffolds. However, the difference between untreated and modified scaffolds is notorious: the detected fluorescence and hence the number of the viable cells increase for plasma treated scaffolds in comparison with the non-treated ones. These results were confirmed by the DNA quantification (Fig. 12A) where significantly higher DNA was detected for modified materials after 14 days of culture.
Conclusions
We have demonstrated that wet spinning technique is a viable alternative of the commonly used melt spinning for obtaining fine fibers from thermo-sensitive/degradable polymers. The obtained wet spun fibers from SEVA-C presented some features which distinguish them from the previously reported melt spun fibers: they are about 5 times thinner, much stiffer and they possess rough surface favouring their in vitro biological performance. The available high surface area raises the water uptake ability which turns the fibers and the scaffolds produced from them appropriate not only as supports for cell growth but also as a system for loading/releasing of bioactive compounds (e.g. growth factors). The morphology of the SEVA-C fiber mesh scaffolds reported herein for the first time is distinctive with favourable features that enhance osteoblasts adhesion and proliferation. The scaffolds also present an adequate pore size and a high interconnectivity allowing better transport inside the scaffold. Moreover, this morphology makes possible the application of physical surface modification techniques to the obtained 3D structures. We have shown in practice that plasma surface modification can be used to further improve the SEVA-C scaffolds. It must be noticed that the proposed method is only a proof of concept, confirming the versatility of the obtained structures and the ability to upgrade them but the modification strategies are not limited to this method. Other alternatives such as plasma functionalisation using gases different that Ar or plasma grafting of bioactive entities can be also used for functionalisation targeting specific applications.
